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Abstract
We use a portfolio of energy trade strategies to determine the value of arbitrage for pumped hydro and compressed air energy storage across European markets. Our results demonstrate that arbitrage opportunities exist in less integrated markets, characterised by significant reliance on energy imports and lower level of market competitiveness. We show that, among all strategies tested, arbitrage value maximizes for the weekly back to back energy trade strategy. Moreover we estimate the optimum size of energy storage systems in terms of arbitrage value for each different electricity market and evaluate the potential of arbitrage to support investment in the sector. Finally, it is argued that energy storage can take over multiple roles as a necessary positioning to facilitate financial profitability. 
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1. Introduction
The debate on what roles can energy storage support in the power sector and contemporary electricity markets has been prominent for more than a decade [1]. Despite the fact that such systems can provide a bundle of services [1,2], including avoidance of costly interconnecting infrastructure and emission reduction [3], investment remains limited due the absence of a concrete valuation framework and the high capital costs of most energy storage systems. Nevertheless, research on energy storage and its role in supporting increased integration of renewable energy sources (RES) has been intensive [4-14]. In this context, novel operation strategies that consider collaboration with RES challenge State support for energy storage through the production of social welfare effects [15-17]. Arguing that energy storage can take over multiple roles, our notion is that a portfolio of value-adding services [18-22] can produce further revenue streams; thus facilitate investment in the sector more effectively. Given that, the main scope of the specific paper is to determine what is the value of one such revenue stream, i.e. arbitrage, for grid-scale energy storage across European markets. 

In economics and finance, arbitrage is the practice of taking advantage of a price difference between two or more markets: striking a combination of matching deals that capitalize upon the imbalance, the profit being the difference between the market prices. Arbitrage practiced by energy storage on the other hand refers to the application of energy trading strategies within an electricity market environment, aiming to buy energy from the grid at low price and sell it back to the grid at a meaningfully higher price; i.e. take advantage of spot market price spreads (between off-peak and peak demand hours) that can produce value, considering also energy conversion losses during the storage system operation. Similar research has been conducted in the past [20,23-26], yielding that arbitrage is not in itself adequate to support energy storage investments; thus welfare gains of energy storage services need to be identified in order to elicit State support [27-29]. Nevertheless, in most of these studies, comparison between the system operational cost and the arbitrage value is used as a measure of economic performance, disregarding capital costs and the system capacity factor. Furthermore, a serious limitation of this body of literature relates to study of exemplary cases which look at fixed system sizes (i.e. main system components are not allowed to vary in size), normally corresponding also to price-taker units[footnoteRef:1], along with one type of energy storage technology, e.g. pumped hydro storage (PHS), and a single power market examined, hindering in this way the generalization of conclusions.    [1:  A price taker is an investor whose buying or selling transactions are assumed to have no effect on the market.] 


To capture broader market and technology effects, examination of the arbitrage value across different European electricity markets is undertaken for PHS and compressed air energy storage (CAES), taking also into account variation of the system size. For this purpose, we use historical, hourly spot price data for the period 2007-2011, for the electricity markets of Nord Pool, EEX, UK, Spain and Greece. The selection of the specific markets aims to reflect differences in the value of arbitrage in association with market characteristics such as fuel mix and market competition. In terms of arbitrage strategies, we apply both time and price based signals on a daily and weekly time step. To this end, we estimate the arbitrage value and its net difference with the system electricity production cost. Moreover, in the case of price signals we also study variable system sizes and provide optimum size results concerning both the value of arbitrage and its net difference with the system production cost. Thus, innovation of the specific paper lies on the simultaneous study of four different arbitrage dimensions for energy storage, these referring to the different European power markets investigated, the different energy storage technologies examined, the variable size of energy storage system components considered and finally, the different energy trading strategies applied.  

Following this introduction, the selected electricity markets are described in Section 2, while in Section 3 we analyse the applied methodology and arbitrage strategies. Sections 4 and 5 present the application results and discuss the association of the arbitrage value with market characteristics, energy storage technology and trading strategy used. The paper concludes with Section 6, where the main findings are critically presented.

2. European Electricity Markets
In order to capture different market characteristics we examine both regionally integrated and isolated electricity markets of different competition level, fuel mix characteristics (see also Figure 1) and cross-border transmission capacity. More precisely, the markets of Nord Pool, EEX (European Energy Exchange), UK (APX), Spain and Greece were selected as representative examples. 
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Figure 1: Long-term electricity supply fuel mix for the examined electricity markets

2.1 The market of Nord Pool
Nord Pool is the first and largest market for power trading in the world [30]. It comprises of the former Nordic markets (i.e. the Danish, the Finish, the Swedish and the Norwegian) that were deregulated in the early 90s to engage into an integrated new market along with Estonia and Lithuania deregulated in the late 2000s. The participation of different countries in that case ensures a liquid market environment that can handle extreme price events effectively [31] and provides a relatively diverse fuel mix. Nevertheless, electricity generation in Nord Pool is mainly based on hydropower and nuclear, with sufficient power exchange potential playing an important role (Figure 1). Nord Pool facilitates large-scale wind energy integration in Denmark [32,33] and is highly competitive; thus, in the context of this paper, Nord Pool is used as an integrated, mature and highly energy secure market, with sufficient regulating and balancing ability deriving from its hydro and power exchanging potential. 

2.2. The European Energy Exchange (EEX) market
The EEX [34] was founded in 2002 from the merger of the two German power exchanges in Frankfurt and Leipzig. Later, in 2008, EEX entered a close cooperation with Powernext, during which both partners integrated their power spot and derivatives markets. EEX now holds 50% of the shares in the joint venture EPEX SPOT which operates the spot market for Germany, France, Austria and Switzerland. As a result, EEX comprises a diverse electricity market that is dependent on fuel imports in order to support nuclear power and natural-gas based generation. At the same time, it is a market that despite its considerable power exchange potential, suffers relatively frequently from extreme price events. 

2.3 The UK market (APX)
APX Power UK was established in 2000 as Britain’s first independent power exchange [35]. In 2011, coupling with Netherlands -through the BritNed electrical cable- brought increased liquidity to the local market from the very liquid Power NL spot market and beyond from Germany, Belgium, France and Norway that also affected electricity prices. In the meantime, UK is increasingly dependent on primary energy imports [36,37] while presenting –until 2010- little activity in electricity trade (see also Figure 1). As a result, APX can be seen as a less integrated, highly competitive and import-dependent market which is in a transitional stage of decarbonising its fuel mix [38] and enhancing its electricity trade. 

2.4 The Spanish market
In 1998, Spain and Portugal formed the integrated, pool-structured Iberian market, known as Mibel [39]. Integration between the two markets has intensified over the years [40,41], resulting to minimum price differential explained by greater convergence of the two countries’ fuel mix and the effectiveness of the cross-border trading mechanism. However, Spain does not enjoy equal interaction with neighbouring European regions, with its cross-border transmission capacity to France limited to less than 2.8GW. Moreover, the Spanish market suggests an ideal example of high RES contribution [42] with almost 1/3 of its total electricity generation coming from hydro, wind and solar energy. To facilitate this large-scale RES integration (mainly wind), natural-gas power plants are employed to provide the required flexibility, similar to the UK. Thus, Spain is a market of high RES contribution that depends on fuel imports and enjoys a close synergy with Portugal but limited connectivity to the rest of Europe.

2.5 The Greek market
Greece although liberalizing its market in 2001 [43], comprises a deregulated market only by euphemism and should thus be studied as a monopoly. The local Public Power Corporation holds almost 85-90% [44] of the market generating capacity. In this regard, the country is mainly based on the exploitation of local lignite reserves that contribute approximately 50% of the electricity generation fuel mix, followed by natural gas imports that were recently decreased slightly due to economic recession impacts. Moreover, Greece has strong cross-border transmission capacity, including transmission lines to the Balkan region, Italy and Turkey, used mainly for importing energy. Thus, Greece offers an example of a monopolistic market that is largely based on the exploitation of low cost lignite reserves and uses its cross-border transmission capacity to mainly import electricity. 

3. Methodology
For the purpose of this paper, we use hourly electricity spot price data from 2007 to 2011 for the five markets of Nord Pool, EEX, APX, Spain and Greece. Using this dataset we apply different daily and weekly arbitrage strategies in order to determine the annual arbitrage value of PHS and CAES per unit of energy produced, using time signals on the one hand and price signals on the other. Moreover, we estimate the system mean annual production cost, considering the capital costs as well as the frequency of system operation (or capacity factor) which reflects upon the respective operational costs. Based on that we also determine the net difference between the arbitrage value and the system electricity production cost. Finally, we assume price-taker storage plants and use fixed system size in the case of time signals and variable system size in the case of price signals, where we also proceed to optimization of results using as criteria the maximum arbitrage value and the minimum difference between the system production cost and the arbitrage value. 

A more clear view of the applied methodology is provided in Figure 2, where the different problem dimensions are illustrated. Additionally, a short description of the current status of energy storage (paragraph 3.1) and of the two storage technologies examined (paragraph 3.2) is provided in the following sections, along with an analysis of the applied arbitrage strategies and methodology (paragraphs 3.3 and 3.4). 

[image: Arbitrage Figure]
Figure 2: The methodology dimensions of the arbitrage problem under study

3.1 Energy storage technologies
During the last two decades, progress met in the field of energy storage is rather significant, mainly owed to the need to support large scale penetration of RES. In fact, recent projections for advanced battery technologies, supporting utility-scale storage applications alone, challenge remarkable global market growth, which by 2025 is expected to generate sale revenues exceeding €3 billion [45]. At the same time, more mature technologies, such as PHS and CAES, seem to revive, and new ones like super capacitors (SCs) and superconducting magnetic energy storage (SMES) are rapidly developing to become commercial. 

According to the current status of maturity, energy storage technologies can be classified into three main categories, i.e. mature (deployed) systems, less mature (demo-stage) and early-stage ones. In the first category of mature systems one may encounter PHS, CAES, certain advanced batteries like lead-acid, Na-S and Li-ion, as well as certain flywheel types. In the second, demo-stage category, flow-batteries, SMES and SCs can be found, while in the final group of early-stage systems, adiabatic CAES along with hydrogen can be encountered. 

In this context, it is noted that each of the energy storage technologies comes with its own features that makes it more suitable for a certain range of grid services and less favourable for others. For example, bulk energy storage system like PHS, CAES and certain batteries are more suitable for energy management applications, while technologies like SMES and SCs are more favourable for power quality services like frequency regulation. On the other hand, it is normal for the bigger scale systems to be able to capture more grid services and thus more than one value streams in order to maximize asset value and encourage investment in the field through the adoption of portfolios of services. Arbitrage, being also considered among such value streams, implies employment of storage technologies that are able to practice energy trade and thus energy management. As a result, the specific study will focus on the examination of the two most mature energy management storage technologies, i.e. PHS and CAES, and will evaluate their arbitrage performance based on the application of different energy trade strategies in five different European electricity markets. 

3.2 PHS and CAES
PHS is the most mature bulk energy storage technology [46], with almost 130GWs of installed capacity worldwide. In a PHS system, off-peak energy or energy in excess is used to pump water to an elevated (upper) reservoir. During peak demand or times of energy deficit, water is released from the upper reservoir to operate hydro-turbines. Cycle efficiency of modern PHS could reach 70-80% [47] with more common values being in the order of 65-70% [48], while such systems can take up load in a few tens of seconds and feature a high rate of extracted energy. In general, PHS systems are suitable for applications of energy management, spinning reserve and frequency control. 

Similarly, in a CAES system, off-peak or excess power is used [49,50] to compress air into an underground cavern or a tank (at pressures that can even reach 70bars). During periods of peak demand or energy deficit, the required amount of air is released from the cavern, heated with natural gas and fed to a gas turbine where expansion takes place as in the Brayton/Joule cycle. Note that in a CAES system the entire gas turbine output is available to consumption, which also implies considerably lower heat rates (or fuel consumption) in comparison to conventional open-cycle gas turbine plants. Moreover, CAES systems have a satisfying response time and can take up load in a few minutes, while because of their ability to store energy as pressurised air, the respective energy density is higher than that of PHS. Cycle efficiency of CAES, which also includes fuel consumption, is approximately 55%, if also considering waste heat utilization.

3.3 Arbitrage strategies
As seen earlier, we apply arbitrage strategies based on either time or price signals and two different time steps, i.e. daily and weekly. In the case of time signals, both long-term and short-term price data is used, with the employed set of strategies considered straightforward for applied practice. Contrariwise, price signal based strategies depend strictly on short-term price signals (currently the static or moving average price of the previous 24h or 168h) and require a greater level of commitment that assumes accurate prediction of next hours’ spot price. During application of all strategies, apart from the annual arbitrage value, the system’s operation frequency (cycling) is recorded through the estimation of the respective capacity factor.

· Long-term arbitrage (time signals): In this strategy we use long-term historical spot price data (currently the 4-year period of 2007-10) to determine buying and selling time points during the day/week and apply them for the following year, i.e. 2011. For this purpose, we estimate the long-term hourly average values of spot price on a daily and weekly basis. From the obtained results we use the hour of minimum price as buying signal and the hour of maximum price as selling signal, assuming that exploitation of long-term data could increase the strength of the signals. Note that in the case of the weekly time scale, to increase system frequency of operation and thus reduce systems costs, we allow charging of the system on a daily basis (using the same signal as in the daily time scale), combined with discharging during the maximum price hour of the week alone. 

· Mirror arbitrage (time signals): The exact same day or week of the previous year is used in this strategy to determine time signals and apply them to the current year’s day/week. Therefore the years between 2007 and 2011 are examined in pairs. Similar to the previous strategy, the selected time points correspond to the minimum /maximum hour of the week or day. The assumption is that the stronger the seasonality in electricity prices the greater the signal reliability will be. 

· Back to back arbitrage (time signals): In the current strategy, the previous day or week of the same year is used to determine signals for the next day/week. As a result, we get moving time signals that are expected to capture both seasonality and consistency of price patterns during the same year. 

· Static and moving average arbitrage (price signals): Finally, we borrow the common trading strategies of static and moving average from finance. In that case price signals of the previous 24h or 168h are used to make a buying or selling decision for the next hour, assuming perfect prognosis of the respective spot price. Note that according to price signals, the system is set to operate whenever there is incentive to do so, restricted only by its input/output power and storage capacity. To this end, the system size examined is variable, and optimization is undertaken under the criteria of maximum arbitrage value and its minimum difference with the system production cost. 

3.4 Comparison between arbitrage value and system production cost
In the first case of time signal strategies, the size of system components is interdependent, owed to the fact that system operation is predefined in accordance with the period of time that the system is set to charge and discharge (considering a full cycle). Thus, if given a certain input power Nin for the system investigated, the system energy storage capacity Ess and the system power output Nout depend on the time period of charging Δtch and discharging Δtdis, as well as on the system input and output efficiency (ηin and ηout). More precisely, energy is stored in the system when a time signal for buying is given and is delivered back to the electricity grid when a time signal for selling follows. However, in order to store an amount of energy equal to Ein, the amount of energy previously bought Ebuy should be somewhat higher, taking also into account the input side energy efficiency (see also equation (1)).  

	

	(1)



Furthermore, and if neglecting at this stage the system’s maximum depth of discharge, it is assumed that the entire amount of energy stored during the period of charging is equal to the storage capacity, i.e. Ein=Ess. At the same time, the respective energy being sold (Esell) is reduced due to the system output efficiency, i.e. Esell=Ess·ηout, taking also into account that the system is fully discharged (Eout=Ess), i.e. a full cycle of charging and discharging is always executed by the system on either a daily or a weekly basis. Finally, based on the available energy stores Ess and time period of discharging Δtdis, the system nominal output power Nout can be estimated by equation (2). 

	

	(2)



Price signal strategies differ from time signal strategies in that they suggest examination of system components, the size of which is variable and independent from one another (see also Table 1). This is owed to the fact that the system may buy and sell electricity during the entire day or week, subject to price signals and the limitations introduced by the size of system components (i.e. input and output power, as well as storage capacity). 

On top of that, both input and output system components are set to operate at their nominal point of operation. Considering the above, for each type of strategy applied, the arbitrage value ARV is derived from the comparison between revenues (from selling energy to the grid) and expenses (from buying energy from the grid) on an annual basis, with cspot being the spot electricity price of each hour examined and hsell and hbuy corresponding to the hours of selling and buying energy respectively (time step is hourly, i.e. hsell = hbuy =1). Moreover, to express the annual value of arbitrage per unit of produced energy, the annual energy yield is estimated, with CF being the system production side annual capacity factor (year duration of Δtyear). 

	

	(3)



In this context, although in the case of time signal strategies estimation of the ARV is straightforward (since the size of components is dependent on one another), in the case of price signal strategies, where the size of system components is variable, an optimization problem is introduced, i.e. how to maximize the ARV. Accordingly, the net difference between the system life-cycle (LC) electricity production cost (css=cPHS or css=cCAES) and the ARV is estimated, with the former including both installation and maintenance and operation costs that in the case of CAES also takes into account the necessary fuel consumption. The net difference (ND=ARV-css) provides an additional optimization criterion for price signal based strategies which in that case requires determination of the respective minimum. To estimate this however, the system LC electricity production cost (€/MWh) over the entire system service period nss (either nPHS or nCAES) needs to be determined first, assuming in this context -for the case of price signal strategies- that the system will operate under constant CF throughout its service period. 

To determine the LC electricity production cost of PHS systems, the initial capital cost ICPHS is combined with the system maintenance and operation cost for a service period of nPHS years, that is expressed with the help of the respective annual coefficient mPHS (being a percentage of the initial installation cost). The initial cost is further broken down to the components of water reservoir cost, hydro-turbines’ cost and pumping station cost. In this context, ct (€/kW) is the specific purchase cost for hydro-turbines, cpump (€/kW) is the respective cost for pumping stations and cres (€/m3) corresponds to the specific cost of building a reservoir of certain volume Vres. The latter depends on the available head of the installation Hres (currently considered at 100m), the water density ρw, the gravitational acceleration g and the energy storage capacity EPHS. Finally, the nominal power of the pumping and the hydropower station are symbolized as Npump and Nt respectively. 
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Similarly, the initial cost of CAES includes the components of cavern / tank cost, compressor cost and gas turbine cost, which may also derive from the respective specific cost coefficients ccav (€/kWh), ccomp (€/kW) and cgt (€/kW) and the size of the respective system components (i.e. Ecav, Ncomp and Ngt respectively). Furthermore, the LC maintenance and operation costs for a period of nCAES years are estimated with the maintenance coefficient mCAES; fuel costs FCCAES are given by combining the system heat rate HRCAES with the fuel (natural gas) price cf and the system energy yield for the entire system service period nCAES. 
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Table 1: PHS and CAES characteristics*
	Energy Storage Parameters
	Price Signals Range

	PHS Parameters
	Value
	CAES Parameters
	Value
	Parameter
	Range

	cpump (€/kW)
	500
	ccomp (€/kW)
	400
	Nin (MW)
	20-300

	ct (€/kW)
	500
	cgt (€/kW)
	400
	Nout (MW)
	20-300

	cres (€/m3)*
	15
	ccav (€/kWh)**
	20
	Ess (MWh)
	100-3000

	mPHS
	5%
	mCAES
	5%
	
	

	nPHS (years)
	30
	nCAES (years)
	30
	
	

	HPHS (m)
	100
	HRCAES (kWhNG/kWhe)
	1.25
	
	

	ηin
	85%
	cf (€/MWhNG)
	30
	
	

	ηout
	90%
	ηin
	85%
	
	

	
	
	ηout***
	125%
	
	



*The specific PHS and CAES cost values provided in the table assume inclusion of additional BOS components' costs, such as penstock and pipeline costs, transmission costs, grid connection costs, etc. In any case, the installation cost for both PHS and CAES much depends on the local site morphology and respective requirements; thus such values should be considered as extremely sensitive and treated accordingly

**The specific cost values provided for energy storage capacity, consider also the system maximum depth of discharge 

***In a CAES plant, the electrical output is higher than the respective input (used to operate the compressor) due to the fact that fuel is also used to operate the gas turbine

4. Application Results
First we present the results of time signal strategies, considering all five markets and the entire period of study, i.e. from 2007 to 2011. Accordingly, we perform exhaustive system operation simulations to capture the size variation of energy storage components for price signal strategies examined throughout the entire period of study and for all five markets. The results presented in the following sections are representative with an aim to evaluate the impact of different parameters on the value of arbitrage. Most importantly, we determine the optimum energy storage system size and configuration for each different electricity market and energy storage technology examined.    

4.1 Application of time signal strategies
4.1.1 Long-term time signal strategy
The application of the long-term time signal strategy is based on the extraction of 4-year hourly average price curves on a daily and weekly basis for the five electricity markets examined. The results obtained by the analysis of the 4-year time series (see Figure 3 for daily average values, including 2011) are presented in Figure 4 and Table 2, with the corresponding curves and hours of minimum and maximum spot price. Greece and Spain follow an identical pattern. This is defined by two price peaks during the noon and night time, with the second one appearing to be comparatively higher. For northern areas, the second day peak appears earlier, during late afternoon hours, and is apart from the case of the UK found to be lower than the noon peak price. Moreover, Greece’s monopolistic market yields higher spot prices overall, while the mature and integrated market of Nord Pool presents the smallest price spread. The greatest spread is noted in the UK market (values given in £/MWh), reflecting the expensive operation of peak power plants in comparison to base load, but also in comparison to the rest of electricity markets investigated. In addition, significant contribution of RES in Spain is reflected in the lower spot price. In EEX the morning to mid-day market operation commands the second highest electricity prices. The observations of the weekly price curves are similar, with the minimum and maximum hour price concentrating during weekends and mid-week respectively with the exception of Spain (see also Table 2). 
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Figure 3: Time series of historical hourly spot electricity prices presented as daily averages for the electricity markets of (a) Nord Pool, UK and EEX and (b) Greece and Spain.
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Figure 4: Long-term (4-year) daily and weekly average hourly electricity price pattern (2007-2010)

Table 2: Spot price time series analysis (2007-2010)
	Market
	Week
Max
	Price €/MWh
	Daily
Max
	Price €/MWh
	Week
Min
	Price
€/MWh
	Daily
Min
	Price €/MWh

	Nordpool
	Monday-9:00
	47.66
	10:00
	43.92
	Sunday-6:00
	31.03
	4:00
	33.94

	UK
	Tuesday-18:00
	81.26
	18:00
	70.85
	Sunday-6:00
	26.25
	5:00
	28.04

	Greece
	Tuesday-20:00
	75.31
	21:00
	72.17
	Friday-1:00
	36.33
	5:00
	39.44

	EEX
	Tuesday-12:00
	75.11
	12:00
	65.44
	Sunday-7:00
	12.75
	4:00
	25.46

	Spain
	Sunday-22:00
	59.77
	22:00
	55.38
	Friday-1:00
	28.92
	5:00
	31.32


The ARV (arbitrage value) versus the system production cost for all markets is investigated for 2011 and the system operation is configured to permit additional energy purchase for 1 or 2 hours before and after the determined minimum price time point (Figure 5). Greece presents the highest ARV while Nord Pool presents the lowest that also becomes negative for PHS. More frequent system operation achieved by extending the system charging period has a slight negative impact on the ARV but reduces considerably the system production cost. Moreover, the weekly time scale produces higher ARV in all cases apart from Greece, although it also increases the system production cost to above €700/MWh. 

Generally, except for the case of Nord Pool, the value of arbitrage compensates for the energy losses introduced by energy storage, producing net revenues ranging from €5-40/MWh. Furthermore, if adopting the daily time scale (which implies smaller storage capacity needs in comparison to a weekly time scale), the minimum system cost drops to almost €150/MWh which yields a net difference of €110-125/MWh. Overall, CAES outperforms PHS in terms of both ARV and ND, considering however that the obtained ND results are subject to the volatile price of natural gas used to operate the system (see also Table 1).
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Figure 5: ARV vs system LC production cost based on the application of long-term time signals for PHS (a, b) and CAES (c, d) on a daily and weekly basis (The ARV for the UK market is given in €/MWh and £/MWh, using the average annual exchange rate of each examined year)


4.1.2 Mirror time signal strategy
The ARV deriving from the application of mirror arbitrage strategies is compared to the system production cost (Figure 6). In that case, the ARV presents considerable variation in the course of time for the markets of UK and EEX, owed mainly to the difference of the annual spot price (see Figure 3, where increase of prices during 2008 led to greater price spreads) and the greater consistency between mirror day and week time signals. On the contrary, fluctuation in the ARV in Greece and Spain is of narrow range, while Nord Pool presents negative values, apart from 2007-2008. Concerning 2010-2011, results obtained are similar to the ones deriving from long-term signals. In addition, CAES is again producing higher ARV that in the case of the UK (2007-2008) even exceeds €80/MWh. 
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Figure 6: ARV vs system LC production cost based on the application of "mirror" time signals for PHS (a, b) and CAES (c, d) systems on a daily and weekly basis (The ARV for the UK market is given in €/MWh and £/MWh, using the average annual exchange rate of each examined year time)

Overall, the examination of consecutive years reveals stable and unstable markets in terms of ARV, which can be associated with the respective fuel mix. Specifically, markets that are strongly dependent on fuel imports (such as UK and EEX) present considerable variation in electricity prices. This could lead to increased ARV for certain periods as a result of high fuel prices increase. Overall, minimum ARV in the order of €10/MWh should be expected for all cases examined, with daily system cycling suggesting production costs of €250/MWh and €200/MWh for PHS and CAES respectively. 

4.1.3 Back to back time signal strategy
Intense variation of the ARV for the markets of UK and EEX is demonstrated when following back to back signal strategies (Figure 7). In this case, there is significant difference between the weekly and the daily time scale. Daily arbitrage values are similar to those of mirror signals with weekly ones being considerably higher. In fact, the weekly back to back strategy increases the ARV in all markets examined, producing a positive value even for Nord Pool. It is noteworthy that in certain markets and years, the ARV exceeds €80/MWh, reaching even €180/MWh for the UK in 2008. In this context, among the examined time signal strategies, the weekly back to back is the most effective in terms of ARV. As already described, in such a strategy the system is set to charge on a daily basis, adopting as a buying signal the hour of minimum price of the previous day, and discharge on a weekly basis, using as selling signal the hour of maximum price of the previous week. Operation of the system based on this strategy alone would not cover system costs that reach €900/MWh and €1200/MWh for PHS and CAES respectively. Instead, such a strategy enables the system to provide additional services, since the system output operates for only one hour per week. In conclusion, energy storage systems can exploit time signal based arbitrage under the condition that this comprises a complementary (secondary) source of revenue, maximized in the case of the weekly back to back strategy.
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Figure 7: ARV vs system LC production cost based on the application of "back to back" time signals for PHS (a, b) and CAES (c, d) systems on a daily and weekly basis (The ARV for the UK market is given in €/MWh and £/MWh, using the average annual exchange rate of each examined year)


4.2 Application of price signal strategies 
4.2.1 The impact of applying different strategies
The price signal strategies employed use static and moving-average approaches (Figures 8-13). System size in these cases is variable (see also Table 1), between 20MW-300MW for the input and output system power capacity and 100MWh-3GWh for energy storage capacity. Similar to other studies, upper values of input and output power capacity are constrained by the fact that the energy storage plant is assumed to be a price-taker, i.e. too small to influence electricity price during its operation, while assuming perfect next hour spot price prognosis. The impact of using different time-scales and strategies is studied for PHS, in the UK (2008), under a fixed, medium-large scale energy storage capacity of 1GWh (Figure 8). 
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Figure 8: Variation of the ARV and ND between the system production cost and the ARV from the application of different price signal based strategies (PHS, UK-2008)

At the same time, variation of the ARV and ND is provided for different values of input and output power capacity (pumping station and hydro-turbine respectively). The use of different strategies and time-scales does not cause important ARV variation. Moreover, there is an area of output power capacity between Nt=50MW and Nt=150MW that gives the highest ARV for almost the entire range of input power capacity (i.e. the pumping power) and the given energy storage capacity of 1GWh. Furthermore, for the range of 100-140MW the higher the value of the output power capacity Nt, the higher the value of pumping power that gives the maximum ARV. Instead, ND tends to become higher for 20MW and 50MW as the pumping power increases beyond that same range of 100-140MW, with all other curves concentrated in the area of €20/MWh to €50/MWh. As a result, although the ARV is restricted below €30/MWh, ND is minimized, even reaching 20€/MWh. More frequent operation imposed to the system by the application of price signals is critical for the reduction of the system production cost, which also minimizes ND, despite the fact that ARV is lower (for this system size) than the one produced by time signal strategies for that particular market and year studied. 

4.2.2 The impact of system size
Subsequently, the impact of energy storage capacity is studied for small, medium and large scale output power (i.e. Nt=20MW, Nt=150MW and Nt=300MW) in the EEX market (2009) using the weekly moving average strategy (Figure 9). To this end, the conclusion previously drawn concerning maximization of the ARV for output power capacity in the area of Nt=150MW is confirmed. More precisely, higher energy storage capacities yield higher ARV, except for Nt=20MW. In that case the small scale hydro-turbine of 20MW is unable to exploit the large energy storage capacity that encourages operation of pumping until it is completely charged (full). Furthermore, use of small-scale hydro turbines (Nt=20MW), although giving higher ARV for energy storage capacity below 500MWh, implies also higher ND for energy storage capacity above 500MWh and pumping power exceeding 50-60MW. 
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Figure 9: Variation of the ARV and ND between the system production cost and the ARV for low, medium and high capacity system output (PHS, EEX-2009)


4.2.3 The impact of energy storage technology
Comparison between PHS and CAES was performed for the Greek market (2010) where small and large-scale energy storage capacities were tested (Figure 10). As previously mentioned in the application of time signal strategies, CAES delivers higher ARV, which is confirmed for both the lower and the higher energy storage capacity studied, i.e. 100MWh and 3GWh. Net difference values of CAES and PHS on the contrary tend to become equal for the larger-size systems. 
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Figure 10: Variation of the ARV and ND between the system production cost and the ARV for small and large scale storage capacity (PHS-CAES, Greece-2010) 


5. Discussion
Further elaboration of the application results obtained is undertaken in the current section together with their association with the different power markets examined, first aiming to evaluate the long-term value of arbitrage and secondly to designate optimum size dimensions for PHS and CAES based on the criteria of maximum ARV and minimum ND. 

5.1 The temporal impact and the long-term arbitrage value
To account for the ARV and ND variation in the course of time, which could be thought representative of the risk taken by a potential investor, the UK market and weekly static average are used as example (Figure 11). Variation of the ARV and ND is represented by the vertical lines, with the average value for the 5-year period studied (2007-11) for both the maximum ARV and the minimum ND also provided. According to the figure, the maximum arbitrage value for the UK presents considerable variation in the course of time. Concerning the 5-year average values, increase of the selected energy storage capacity has a slight increasing effect on the ARV. Instead, in the case of the ND, a minimum appears in the area of 1000-1500MWh.
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Figure 11: Variation of the maximum ARV and the minimum ND between system production cost and ARV (PHS-CAES, UK-2007-11)

Accordingly, the 5-year average values for the maximum ARV and the minimum ND are gathered in Figure 12, for daily static average and all electricity markets examined. The advantage of CAES over PHS concerning the ARV is clear for all markets, with Greece, EEX and UK producing the greatest value. On the contrary, ND results are in most cases comparable, with CAES proving more suitable for Greece, Nord Pool and for smaller energy storage capacity systems (in the order of 100MWh) and PHS presenting lower ND values for higher energy storage capacities. Moreover, although price signal based ARV fails to meet the value produced by time signal strategies, it implies high frequency operation which reduces the system production cost considerably. As a result, ND is minimized and even drops to €30/MWh (e.g. Greece). 
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Figure 12: Long-term maximum average ARV and long-term minimum average difference of system production cost and ARV for PHS and CAES configurations (all markets examined)


5.2 Determination of optimum system dimensions 
Finally, in Figure 13, the respective optimum system dimensions are given. Daily static-average and all markets are examined, taking into account the average 5-year period values previously seen. More precisely, in the included charts, by selecting the value of energy storage capacity, the type of the energy storage system and an optimization criterion between maximum ARV and minimum ND, the recommended size for both input and output system size can be obtained. To this end, as energy storage capacity increases, Greece and Nord Pool require the greatest input power capacity, followed by UK and Spain. At the same time, EEX encourages operation of smaller-scale systems that do not exceed 100MW, similar to the case of the output power capacity, where CAES is in general encouraging operation of larger scale systems in comparison to PHS. Additionally, in the case of Spain, a maximum appears for both output and input capacity in the area of 1500MWh-2000MWh for both CAES and PHS. Finally, if examining the criterion of minimum ND, difference between markets is largely eliminated, with UK found to require the lower input and higher output power capacity.
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Figure 13: Optimum input and output power capacity to achieve maximum ARV and minimum ND for both PHS and CAES systems (all markets examined)

[bookmark: _GoBack]
6. Conclusions
By applying different energy trade strategies for a 5-year period in the markets of Nord Pool, EEX, UK, Spain and Greece, we estimated the value of arbitrage for PHS and CAES. Our results demonstrate that as European markets integrate and become more efficient, the value of arbitrage for energy storage is reduced. On the contrary, heavy reliance of markets on fuel imports (e.g. UK and EEX) create arbitrage opportunities from which a risk-adaptive investor could benefit. Arbitrage is also encouraged in less competitive markets such as the one of Greece, especially when indigenous energy reserves are used to cover base load and energy imports to cover peak load, creating thus a significant price spread. Looking how the presence of a dominant indigenous resource could impact on the arbitrage value of energy storage, arbitrage could also be looked further in markets where coal contributes in quite high ranges (e.g. China, Poland, etc. [51,52]). Presence of significant hydropower capacity on the contrary proves, as expected, to be a disincentive for energy storage, such as in the case of Nord Pool. Finally, for wind energy, the impact of intermittency and the requirement for greater flexibility is yet to be studied in terms of arbitrage, since no important evidence could be drawn from e.g. the case of Spain, where effective trading with Portugal, facilitates the presence of wind power. 

Among the examined strategies, weekly back to back produces the highest arbitrage value; however, additional sources of revenue would be required to support the investment. At the same time, although requiring reliable prognosis of the next hours’ spot price, price signal strategies also produce a worthwhile arbitrage value that is found to maximize for different energy storage system size in each of the examined markets. In addition, the comparison between PHS and CAES reveals the advantage of CAES that nevertheless largely depends on the price of natural gas required for system operation. 

Overall, despite the fact that our findings align with the common conclusion that arbitrage in itself cannot support investments in the energy storage sector, they also provide a set of directions on the optimum size and strategy for PHS and CAES practising arbitrage in electricity markets of different characteristics. In this way, development of innovative strategies that combine optimum arbitrage directions together with additional energy storage services such as RES support can be put forward, exploiting the potential of energy storage to perform different roles in an electricity market environment.
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Table 1: PHS and CAES characteristics*

	Energy Storage Parameters
	Price Signals Range

	PHS Parameters
	Value
	CAES Parameters
	Value
	Parameter
	Range

	cpump (€/kW)
	500
	ccomp (€/kW)
	400
	Nin (MW)
	20-300

	ct (€/kW)
	500
	cgt (€/kW)
	400
	Nout (MW)
	20-300

	cres (€/m3)*
	15
	ccav (€/kWh)**
	20
	Ess (MWh)
	100-3000

	mPHS
	5%
	mCAES
	5%
	
	

	nPHS (years)
	30
	nCAES (years)
	30
	
	

	HPHS (m)
	100
	HRCAES (kWhNG/kWhe)
	1.25
	
	

	ηin
	85%
	cf (€/MWhNG)
	30
	
	

	ηout
	90%
	ηin
	85%
	
	

	
	
	ηout***
	125%
	
	



*The specific PHS and CAES cost values provided in the table assume inclusion of additional BOS components' costs, such as penstock and pipeline costs, transmission costs, grid connection costs, etc. In any case, the installation cost for both PHS and CAES much depends on the local site morphology and respective requirements; thus such values should be considered as extremely sensitive and treated accordingly

**The specific cost values provided for energy storage capacity, consider also the system maximum depth of discharge 

***In a CAES plant, the electrical output is higher than the respective input (used to operate the compressor) due to the fact that fuel is also used to operate the gas turbine



























Table 2: Spot price time series analysis (2007-2010)

	Market
	Week
Max
	Price €/MWh
	Daily
Max
	Price €/MWh
	Week
Min
	Price
€/MWh
	Daily
Min
	Price €/MWh

	Nordpool
	Monday-9:00
	47.66
	10:00
	43.92
	Sunday-6:00
	31.03
	4:00
	33.94

	UK
	Tuesday-18:00
	81.26
	18:00
	70.85
	Sunday-6:00
	26.25
	5:00
	28.04

	Greece
	Tuesday-20:00
	75.31
	21:00
	72.17
	Friday-1:00
	36.33
	5:00
	39.44

	EEX
	Tuesday-12:00
	75.11
	12:00
	65.44
	Sunday-7:00
	12.75
	4:00
	25.46

	Spain
	Sunday-22:00
	59.77
	22:00
	55.38
	Friday-1:00
	28.92
	5:00
	31.32
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